In plants, the known microRNAs (miRNAs) are produced as 21 nucleotide (nt) duplexes from their precursors by Dicer-like 1 (DCL1). They are incorporated into Argonaute 1 (AGO1) protein to regulate target gene expression primarily through mRNA cleavage. We report here the discovery of a class of miRNAs in the model monocot rice (Oryza sativa). These are 24 nt in length and require another member of the Dicer family, DCL3, for their biogenesis. The 24 nt long miRNAs (lmiRNAs) are loaded into AGO4 clade proteins according to hierarchical rules, depending on the upstream biogenesis machinery and the 5 0 -terminal nucleotide. We demonstrated that lmiRNAs direct DNA methylation at loci from which they are produced as well as in trans at their target genes and play roles in gene regulation. Considered together, our findings define a miRNA pathway that mediates DNA methylation.
INTRODUCTION
Small silencing RNAs (sRNAs) have emerged as key components in the gene regulatory networks of eukaryotes. Based upon their origins, structures, associated effector proteins, and biological functions, sRNAs are classified into three major categories: microRNAs (miRNAs), small interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) (Carthew and Sontheimer, 2009) . miRNAs are transcribed by RNA polymerase II as long primary transcripts (termed pri-miRNAs) that contain an miRNAembedded hairpin. In animals, the maturation of an miRNA from its pri-miRNA involves two sequential processing steps: (1) the pri-miRNA is processed into an miRNA precursor (premiRNA) by RNase III family enzyme Drosha in the nucleus, and (2) the pre-miRNA is exported into the cytoplasm, where it is further processed by another RNase III enzyme Dicer to release an 21 nucleotide (nt) duplex formed by the miRNA and miRNA star (the miRNA* is the miRNA partner strand that arises from the opposite arm in the precursor) (Carthew and Sontheimer, 2009; Kim, 2005) . Plants lack Drosha homologs, and both processing steps are catalyzed by a Dicer-like enzyme (DCL1) in the nucleus (Kurihara et al., 2006; Kurihara and Watanabe, 2004; Park et al., 2002; Reinhart et al., 2002) . miRNAs are loaded into an Argonaute (AGO) protein to form the RNA-induced silencing complexes (RISCs). In animals, the loading of miRNAs appears to be independent of their biogenesis, and the specificity of loading is primarily provided by the structure of the miRNA/miRNA* duplex (Forstemann et al., 2007; Steiner et al., 2007; Tomari et al., 2007) , whereas in plants, the prevailing 5 0 -terminal U of miRNAs contributes to their specific loading into AGO1, which has the strongest binding affinity to sRNAs that initiate with U (Mi et al., 2008; Montgomery et al., 2008; Takeda et al., 2008) . In animals, miRNAs modulate target gene expression through both translational repression and mRNA destabilization (Carthew and Sontheimer, 2009 ). However, plant miRNAs repress their target gene expression primarily through mRNA cleavage (Llave et al., 2002; Voinnet, 2009) , with a subset of them also repressing translation (Aukerman and Sakai, 2003; Brodersen et al., 2008; Chen, 2004; Dugas and Bartel, 2008; Gandikota et al., 2007; Lanet et al., 2009) . In plants, the most abundant class of sRNAs are heterochromatic siRNAs that originate from transposon loci and DNA repeats. These siRNAs direct de novo cytosine DNA methylation in all sequence contexts (CG, CHG, and CHH where H is A, C, or T) at the loci from which they are produced, a process termed RNA-directed DNA methylation (RdDM) (Chan et al., 2005; Matzke et al., 2009; Wassenegger et al., 1994) . In the RdDM pathway, transcripts from transposons and other repetitive elements are produced presumably by Pol IV, a plant-specific DNA-dependent RNA polymerase (Herr et al., 2005; Kanno et al., 2005; Onodera et al., 2005) . These transcripts serve as templates for an RNA-dependent RNA polymerase, RDR2, to generate doublestranded RNAs (dsRNAs) (Xie et al., 2004) . dsRNAs are then processed by DCL3 into 24 nt siRNAs (Xie et al., 2004) . The siRNAs are incorporated into proteins in the AGO4 clade Qi et al., 2006; Zheng et al., 2007; Zilberman et al., 2003) to guide DNA methylation that is catalyzed by the de novo DNA methyltransferase DRM2 (Cao and Jacobsen, 2002; Matzke et al., 2009) , often resulting in transcriptional silencing of transposons and some genes that are adjacent to repeats.
Rice (Oryza sativa) is the staple food for more than half of the world's population and has served as a model system for the study of monocots. Exhaustive bioinformatic and sRNA sequencing efforts have identified many conserved and nonconserved 21 nt miRNAs in this organism (Heisel et al., 2008; Liu et al., 2005; Lu et al., 2008; Morin et al., 2008; Sunkar et al., 2005 Sunkar et al., , 2008 Wang et al., 2004; Wu et al., 2009; Zhu et al., 2008) . These 21 nt miRNAs are produced by DCL1 (Liu et al., 2005) and associated with AGO1 clade proteins (Wu et al., 2009 ). Recently, a high-throughput mRNA degradome sequencing approach has identified many targets of miRNAmediated cleavage in rice. The validated targets include transcription factors that play key roles in development and genes involved in a variety of other physiological processes, indicating a broad regulatory role for miRNAs in rice (Wu et al., 2009) .
In addition to the 21 nt miRNAs (for convenience, they are referred to as canonical miRNAs, cmiRNAs, hereafter), DCL3-dependent 24 nt variants of many cmiRNAs have been detected at lower accumulation level in Arabidopsis thaliana (Dunoyer et al., 2004; Vazquez et al., 2008) . In rice, others and we have previously identified dozens of miRNA loci that produce only 24 nt miRNAs (referred to as long miRNAs, lmiRNAs, hereafter) in rice or both cmiRNAs and lmiRNAs (Wu et al., 2009; Zhu et al., 2008) . A catalog of annotated lmiRNAs is included in Table S1 , available online. However, the biogenesis, associated effector protein, and function of these lmiRNAs remain unknown. Here we demonstrate that rice lmiRNAs are generated by DCL3 and that they are specifically sorted into AGO4 clade proteins by a hierarchy of rules. More importantly, we show that some lmiRNAs can direct cytosine DNA methylation at their own loci in cis and at their target genes in trans, sometimes resulting in transcriptional gene silencing. Our results reveal a role for plant miRNAs in chromatin modification in addition to their well-known roles in posttranscriptional gene regulation.
RESULTS
A Class of DCL3-Dependent 24 nt Long miRNAs in Rice Rice encodes five DCL homologs, DCL1, DCL2, DCL3a, DCL3b, and DCL4 (Kapoor et al., 2008; Liu et al., 2005) . It has been shown that DCL1 is required for the production of cmiRNAs (Liu et al., 2005) , whereas DCL4 is involved in the biogenesis of trans-acting siRNAs (Liu et al., 2007) . The functions of rice DCL2, DCL3a, and DCL3b remain unknown. Genetic and biochemical studies have demonstrated that Arabidopsis DCL3 catalyzes the production of 24 nt siRNAs and miRNA variants Vazquez et al., 2008; Xie et al., 2004) . The generation of siRNAs of a specific size is presumably attributed to the intrinsic structural characteristics of a DCL protein . Thus, we sought to examine whether rice DCL3 proteins are responsible for the biogenesis of 24 nt lmiRNAs. We used an RNAi approach to knock down DCL3a in rice, as DCL3a is expressed at a much higher level than DCL3b (Kapoor et al., 2008) . We obtained two strong DCL3a RNAi lines, dcl3a-17 and dcl3a-21, in which the accumulation of DCL3a transcript was decreased to 13%-14% of that in wild-type (WT), whereas the accumulation of other DCLs remained essentially unchanged ( Figure S1A ). We also generated RNAi lines (rdr2-2 and rdr2-6) targeting the rice RDR2, in order to confirm the RDR2 independence of lmiRNA biogenesis ( Figure S1B ).
We employed Illumina deep sequencing technology to profile sRNA populations in WT, dcl3a-17, rdr2-2, and a published DCL1 RNAi line, DCL1IR-2 (Liu et al., 2005) . In total, 5, 063, 556, 4, 576, 301, 4, 912, 205 and 4, 517, 177 genome-matching sRNA reads were obtained for WT, DCL1IR-2, dcl3a-17, and rdr2-2, respectively. In WT, 24 nt sRNAs were the predominant size class, with sRNAs of 21 nt forming a weaker peak ( Figure 1A ). In DCL1IR-2, 21 nt sRNAs were underrepresented; whereas in dcl3a-17 and rdr2-2, the 21 nt size class was overrepresented and the 24 nt size class was underrepresented compared to those in WT ( Figure 1A ). The abundance of miRNAs was calculated as reads per million (RPMs). We first examined the overall abundance of cmiRNAs and lmiRNAs, respectively. Consistent with the role for DCL1 in the biogenesis of cmiRNA (Liu et al., 2005) , the abundance of cmiRNAs was reduced dramatically in DCL1IR-2, while that of lmiRNAs was only mildly affected ( Figure 1B ). In contrast, in dcl3a-17 line there was an 85% reduction in the abundance of lmiRNAs and a marginal increase in cmiRNA production ( Figure 1B ). This indicates the involvement of DCL3 in lmiRNA production. In rdr2-2, the abundance of clustered 24 nt siRNAs from two intergenic regions (named OsCluster1 and OsCluster2) was dramatically reduced in rdr2-2 (Table S2 ), but the RPMs of cmiRNAs and lmiRNAs were not decreased and instead increased to different extents (Figure 1B) , indicating that the biogenesis of both types of miRNAs does not require RDR2. The increased RPMs of miRNAs in rdr2-2 could be interpreted as their overrepresentation in the sequenced population when the RDR2-dependent 24 nt siRNAs were lost ( Figure 1A ). Similar observations have previously been made in the Arabidopsis rdr2 mutant (Kasschau et al., 2007) . We also calculated RPMs for individual miRNAs and obtained similar results (Table S2) .
To verify the results obtained from the deep sequencing, we used northern blots to examine the expression of miRNAs in WT as well as the RNAi lines. The amounts of three examined cmiRNAs (miR160, miR169, and miR528) were significantly reduced in the two DCL1IR lines but unaffected in the dcl3a and rdr2 RNAi lines ( Figure 1C ). By contrast, the accumulation of all examined lmiRNAs remained unchanged or was mildly increased in the DCL1IR lines but was dramatically reduced in the dcl3a lines ( Figure 1C ). In the rdr2 lines, the accumulation of both size classes of miRNAs was unaffected, but the expression of two intergenic siRNA clusters was reduced to barely detectable levels ( Figure 1C ). Taken together, these data demonstrate that DCL3a is responsible for the biogenesis of lmiRNAs.
DCL1 and DCL3 Act Cooperatively to Produce Both CmiRNAs and LmiRNAs from Dual-Coding Precursors
Most rice miRNA precursors give rise to a single cmiRNA or lmiRNA. Intriguingly, we found that some precursors can produce both cmiRNAs and lmiRNAs, indicating that they are recognized and processed by both DCL1 and DCL3 ( Figure 2 and Figure S2 ; Table S2 ).
Pri-miR1850 encodes two miRNA species, miR1850.1 (21 nt) and miR1850.2 (24 nt). In the precursor, miR1850.1 and miR1850.2 are arrayed in tandem, with miR1850.1 being closer to the base of the stem-loop structure (Figure 2A and Figure S2) . Thus, we reasoned that miR1850.1 and miR1850.2 would be sequentially released from the precursor by the coordinated actions of DCL1 and DCL3. DCL1 would catalyze the first two cleavages to produce miR1850.1 and the precursor of miR1850.2, which is further processed by DCL3 to generate miR1850.2 (Figure 2A ). Supporting this model, results from deep sequencing (Table S2 ) and northern blot analyses (Figure 2A ) demonstrated that the accumulation of miR1850.1 was dramatically reduced in DCL1IR lines, whereas that of miR1850.2 was strongly affected in both DCL1IR and dcl3a lines.
We also found that cmiRNA and lmiRNA can be generated from the same region within their precursor (Figures 2B and 2C) . Pri-miR168a encodes three miRNA species, miR168a-5p (21 nt), miR168a-3p.1 (21 nt), and miR168-3p.2 (24 nt) (Figure 2B and Figure S2 ). miR168a-5p and miR168a-3p.1 form a perfect duplex and thus must be produced by the same machinery. Compared to miR168-3p.1, miR168-3p.2 contains three additional nucleotides on its 5 0 end. Deep sequencing (Table S2 ) and northern blot analysis ( Figure 2B ) showed that the biogenesis of miR168a-5p and miR168a-3p.1 was dependent on DCL1, but not DCL3, whereas miR168a-3p.2 needed both for its production, indicating that the first cut was carried out by DCL1. Similar results were also obtained for primiR396e and pri-miR396f (Table S2) .
Pri-miR820a/b/c give rise to two miRNA variants, miR820.1 (21 nt) and miR820.2 (24 nt) ( Figure 2C and Figure S2 ). See Figure S1 for the characterization of dcl3a and rdr2 RNAi lines, Table S1 for the list of lmiRNAs, and Table S2 for the relative abundances of individual miRNAs in the RNAi lines determined by Illumina deep sequencing.
miR820.2 shares the 5 0 21 nucleotides with miR820.1 and has three additional nucleotides in the 3 0 end. As shown in Figure 2C and Table S2 , the production of miR820.2 was abolished in dcl3a RNAi lines but remained unaffected in DCL1IR lines, whereas that of miR820.1 was significantly reduced in both. This indicates that DCL3 catalyzes the first cleavage to generate the pre-miRNA, which is further diced by DCL1 and DCL3 to release miR820.1 and miR820.2, respectively. These results together indicate that the dual-coding primiRNAs are processed into cmiRNAs and lmiRNAs through well-coordinated actions of DCL1 and DCL3.
CmiRNAs and LmiRNAs Are Sorted into AGO1 and AGO4 Clade Proteins, Respectively Small RNAs must associate with AGO proteins to exert their functions. Next we investigated with which AGO proteins lmiRNAs interact. Rice contains 19 AGO family members that can be phylogenetically divided into MEL1, AGO1, AGO4, and AGO7 clades (Kapoor et al., 2008; Wu et al., 2009 ). We have previously purified three rice AGO1 clade proteins (AGO1a, AGO1b, and AGO1c) and profiled their associated sRNA populations (Wu et al., 2009) . We found that AGO1s predominantly recruit cmiRNAs, but not lmiRNAs (Wu et al., 2009) , suggesting the interaction of lmiRNAs with alternative AGOs. In Arabidopsis, DCL3-dependent heterochromatic siRNAs are recruited by proteins in the AGO4 clade Qi et al., 2006; Zheng et al., 2007; Zilberman et al., 2003) . This led us to examine whether the rice DCL3-dependent lmiRNAs are incorporated into AGO4 clade proteins.
There are four members in the rice AGO4 clade, namely AGO4a, AGO4b, AGO15, and AGO16 (Kapoor et al., 2008; Wu et al., 2009 ). We immunopurified AGO4a, AGO4b, and AGO16 complexes using antibodies that specifically recognize the N-terminal sequence of each AGO but failed to purify AGO15. As shown on silver-stained gels ( Figure 3A , upper panels), AGO proteins of the expected sizes were recovered, and their identities were further verified by mass spectrometry (Figure S3) . No other AGO family proteins were detected by mass spectrometry in the immunoprecipitates (data not shown). We found that AGO4a, AGO4b, and AGO16 complexes all contained sRNAs of 24 nt in length ( Figure 3A , lower panels). After conversion into cDNAs, the identities of these sRNAs were determined by deep sequencing. In total, 2,723,872, 6,079,715, and 4,276,937 genome-matched sRNA reads were obtained for AGO4a, AGO4b, and AGO16 complexes, respectively. For Models for processing of representative dualcoding miRNA precursors are shown (panels on the left). Northern blot analyses (panels on the right) were performed to examine the production of the cmiRNAs and lmiRNAs in wild-type rice (WT) and different RNAi lines as indicated. The blots were stripped and reprobed multiple times. U6 was probed and used as loading control. The positions of RNA size markers, electrophoresed in parallel, are shown to the right of the blots. See Figure S2 for the sequences and secondary structures of the miRNA precursors.
comparison, sRNA data sets for AGO1 complexes were also included in all following analyses. Consistent with the results from SYBR Gold-stained gels, sRNAs of 24 nt were the predominant size class in AGO4a, AGO4b, and AGO16 complexes ( Figure S4 ). This is in sharp contrast to AGO1 clade proteins that predominantly bind to sRNAs of 21 nt (Wu et al., 2009) . Rice AGO1s have a strong preference for sRNAs with a 5 0 -terminal U (Wu et al., 2009) , whereas AGO4a and AGO16 were predominantly bound to sRNAs that initiate with an A ( Figure 3B ). Intriguingly, AGO4b did not appear to have a strong specificity for recruiting sRNAs with a particular 5 0 -terminal nucleotide ( Figure 3B ). We next examined the distribution of cmiRNAs and lmiRNAs in the AGO complexes. The cmiRNAs were primarily associated with AGO1s, but not with AGO4 clade proteins. In contrast, lmiRNAs were present in AGO4 clade proteins and excluded from AGO1s ( Figure 3C ; Table S3 ). Interestingly, we observed that lmiRNAs were not evenly distributed among AGO4 clade proteins. The majority of the lmiRNAs that initiate with an A appeared to be preferentially loaded into AGO4a, and less into AGO4b and AGO16, whereas the lmiRNAs that begin with other nucleotides (U, G, or C) were predominantly recruited by AGO4b (Table S3) .
To confirm the results from the deep sequencing analysis, we performed northern blots with sRNAs prepared from the purified AGO complexes. In agreement with the sequencing results, cmiRNAs were detected in AGO1a and AGO1b but barely detected in AGO4a and AGO4b, whereas lmiRNAs were seen in AGO4a and/or AGO4b but not in AGO1a and AGO1b (Figure 3D) . It is noteworthy that lmiRNAs with 5 0 -terminal U or G had much stronger signal in AGO4b than in AGO4a ( Figure 3D ).
The preferential recruitment of different subsets of lmiRNAs by AGO4a and AGO4b prompted us to test whether they have Mixtures were irradiated with UV and resolved by 10% SDS-PAGE. Gels with shorter exposure (middle panels) are shown to indicate that comparable amounts of siRNAs were added into each reaction. Silver-stained gels (bottom panels) are shown as controls for the proteins used in the crosslinking reactions. See Figure S3 for the confirmation of purified AGO4 clade proteins by mass spectrometry and Table S3 for relative abundances of individual cmiRNAs and lmiRNAs in AGO1 and AGO4 clade proteins. different intrinsic binding affinities for sRNAs with different 5 0 -terminal nucleotides. Indeed, UV crosslinking experiments demonstrated that AGO4a had much higher binding affinity for sRNA beginning with an A than for sRNAs initiating with other nucleotides, whereas AGO4b had comparable binding affinities for sRNAs with any 5 0 -terminal nucleotides ( Figure 3E ).
The Mechanisms of Sorting CmiRNAs and LmiRNAs into AGO1 and AGO4 Clade Proteins
Others and we have previously shown that Arabidopsis AGO proteins have differential binding affinities for sRNAs having different 5 0 -terminal nucleotides, and sorting of sRNAs into a specific AGO complex can be directed by the 5 0 -terminal nucleotide (Mi et al., 2008; Montgomery et al., 2008; Takeda et al., 2008) . The sorting of lmiRNAs among rice AGO4 clade proteins fits this sorting mechanism well ( Figure 3D ; Table S3 ). However, the allocation of rice cmiRNAs and lmiRNAs between AGO1 and AGO4 clade proteins did not appear to observe this rule. Regardless of the 5 0 -terminal nucleotide, cmiRNAs were predominantly incorporated into AGO1 proteins, whereas lmiRNAs were exclusively recruited by AGO4 clade proteins (Figures 3D and 3E ; Table S3 ). This was more evident for those cmiRNAs and lmiRNAs that initiate with 5 0 -terminal U. Although AGO1s and AGO4b both have binding affinity for sRNAs with a 5 0 -terminal U, cmiRNAs with 5 0 U were loaded into AGO1s, not into AGO4b. Conversely, lmiRNAs with 5 0 U were recruited by AGO4b, not by AGO1s (Figures 3D and 3E ; Table S3 ). These observations imply that another mechanism for sorting must exist.
CmiRNAs and lmiRNAs differ in both their size and biogenesis. It was possible that the distinct sizes of cmiRNAs and lmiRNAs led to their respective association with AGO1 and AGO4 clade proteins. To test this possibility, we performed UV crosslinking assays to determine the binding affinities of AGO1a, AGO1b, AGO4a, and AGO4b for 21 and 24 nt sRNAs. As shown in Figure 4A , each AGO displayed similar binding affinities for sRNAs of 21 nt or 24 nt. This suggests that the size of an sRNA is not a determinant for its sorting into a particular AGO.
This premise holds true in Arabidopsis, where we found that a DCL1-dependent 24 nt miRNA, miR163, was predominantly loaded into AGO1, and much less into AGO4, as shown by deep sequencing ( Figure 4B ) and northern blots ( Figure 4C ). This was in contrast to a cluster of DCL3-dependent 24 nt siRNAs (AtREP2), which were primarily loaded into AGO4, not into AGO1 ( Figure 4C ).
Taken together, our data indicate that the 5 0 -terminal nucleotide of sRNAs is important for their sorting into individual AGOs within the same clade but does not play a primary role in the sorting between AGOs in different clades. We propose that the specificity of sRNA sorting between different AGO clades is provided by a signal emanating from the sRNA biogenesis machinery.
An LmiRNA Directs Cytosine DNA Methylation at Its Own Locus
The association of lmiRNAs with AGO4 clade proteins prompted us to investigate whether lmiRNAs can direct DNA methylation at loci from which they are produced. We used bisulfite sequencing to examine the status of DNA methylation at several lmiRNA-producing loci. We detected cytosine methylation in all sequence contexts at the miR1873 locus ( Figure 5A ). Strikingly, the methylated sites were centered on the miRNA or miRNA* regions, and few methylated sites were detected at the sequences outside of the stem-loop coding region. This indicates that the methylation is highly sequence specific. As expected, in dcl3a-17 both CHG and CHH methylation were significantly reduced ( Figure 5B ). To rule out the possibility that the methylation at miR1873 was mediated by other undetected siRNAs, we examined methylation at this locus in the rdr2-2 line. We found that the methylation at this locus remained essentially unchanged in rdr2-2 ( Figure 5B ). This was in contrast to the two siRNA-producing loci, OsCluster1 and OsCluster2, whose CHG and CHH methylation were almost completely erased in both dcl3a-17 and rdr2-2 ( Figure 5C ). These results demonstrated that the methylation at miR1873 locus was mediated by miR1873 and not by the known siRNA pathway. miR1873 has two variants, miR1873.1 and miR1873.2. miR1873.1 was predominantly associated with AGO4b, whereas miR1873.2 was loaded into both AGO4a and AGO4b, and much less into AGO16 (Table S3 ). Thus we predicted that AGO4a and AGO4b would play redundant roles in methylation at the miR1873 locus. To test this, we constructed rice RNAi lines (ago4a-1, ago4b-1, and ago4ab-1) in which AGO4a or AGO4b or both were knocked down ( Figure S1 ). Confirming our prediction, bisulfite sequencing results showed that CHG and CHH methylation at the miR1873 locus were decreased in ago4ab-1 but not significantly changed in ago4a-1 and ago4b-1 ( Figure 5B ).
These data indicate that an lmiRNA can act in cis to direct DNA methylation at the locus from which it is produced.
LmiRNAs Direct Cytosine DNA Methylation at Target Genes and Regulate Their Expression
We next asked whether lmiRNAs could also act on their target genes. We predicted targets of the lmiRNAs (Table S1 ) using a published method (Allen et al., 2005) . We first searched for cleavage products of the predicted targets in a rice mRNA degradome library where mRNAs cleaved by cmiRNAs were easily identified (Wu et al., 2009) . No target cleavage was detected (data not shown). This suggested that lmiRNAs are unlikely to function like cmiRNAs to direct target mRNAs for cleavage. We then investigated whether lmiRNAs could direct DNA methylation at their target loci.
We used bisulfite sequencing to examine the status of DNA methylation at some of the predicted targets. We detected cytosine methylation in all sequence contexts at several targets ( Figure 6 and Figure S5 ). Strikingly, the methylation was confined within an 80 nt region around the target sites, indicating that the methylation is highly sequence specific. These targets include Os06g38480 (a target of miR1863, Figure 6 ), Os03g02010 (a target of miR820.2, Figure S5A ), Os05g01790 (a target of miR1873.1, Figure S5B ), Os07g41090, and Os02g05890 (targets of miR1876, Figures S5C and S5D ). Methylation levels at all of these loci were dramatically reduced in dcl3a-17 but mostly remained unchanged in rdr2-2 ( Figure 6B and Figure S5 ), indicating that the methylation was directed by the lmiRNAs, rather than by any other RDR2-dependent siRNAs.
To experimentally test whether association of lmiRNAs with AGO4 clade proteins is critical for the observed DNA methylation patterns, we conducted further analyses with two lmiRNAs. miR1863 is preferentially loaded into AGO4a, and much less into AGO4b ( Figure 3D and Table S3 ). Thus, we predicted that AGO4a would play a major role in miR1863 function. Confirming our prediction, bisulfite sequencing results showed that methylation at Os06g38480 (a target of miR1863) was dramatically reduced in ago4ab-1 and ago4a-1 but essentially not changed in ago4b-1 ( Figure 6B ). By contrast, at Os03g02010 (a target of miR820.2), the methylation was significantly decreased in ago4ab-1 and ago4b-1 but remained at a comparable level in ago4a-1 (Figure S5A ), suggesting a predominant role for AGO4b in the methylation at this locus. This is consistent with the fact that miR820.2 has a 5 0 -terminal U and is recruited predominantly by AGO4b ( Figure 3D and Table S3 ).
Collectively, these experimental results demonstrate that lmiRNAs, in association with AGO4 clade proteins, can indeed direct DNA methylation at their target genes in trans.
We next asked whether lmiRNA-directed DNA methylation has an effect on the expression of target genes. Quantitative RT-PCR was employed to determine target gene expression in WT and several RNAi lines. Among the examined genes, we found that the expression of Os06g38480 and Os03g02010 was increased by 2-to 6-fold in dcl3a-17 and ago4ab-1 lines compared to that in WT plants, but essentially remained unchanged in rdr2-2 ( Figure 6C ). This indicates that Os06g38480 and Os03g02010 are regulated by lmiRNAs through DNA methylation.
DISCUSSION
The results presented herein demonstrate that two distinct miRNA pathways act at the mRNA and chromatin levels, respectively, in plants (Figure 7 ). CmiRNAs are generated by DCL1 and specifically loaded into AGO1 clade proteins to direct the cleavage of their target mRNAs, while lmiRNAs are processed by DCL3, sorted into AGO4 clade proteins, and mediate DNA methylation at their target loci in trans. (Figure 7 ). It has been reported that Arabidopsis PHB/PHV coding sequences were methylated downstream of the miR165/166 binding sites, but the methylation was not altered in dcl1 and ago1 mutants (Bao et al., 2004) . Our results, together with the finding that miR165/ 166 has 24 nt variants (Vazquez et al., 2008) , may provide an explanation for why the methylation was not affected by mutations in DCL1 and AGO1, both of which are required for the biogenesis and effector assembly of cmiRNAs, but not lmiRNAs.
Bifunctionality of miRNA Precursors
Most cmiRNAs in plants are processed from pri-miRNAs by DCL1 (Voinnet, 2009) . In this study, we showed that dozens of pri-miRNAs are instead processed by DCL3 to generate lmiRNAs ( Figure 1 ; Table S2 ). Most interestingly, we found that a subset of pri-miRNAs can produce both cmiRNAs and lmiRNAs through the coordinated actions of DCL1 and DCL3 (Figure 2 and Figure S2 ). We further demonstrated that cmiRNA and lmiRNA derived from the same pri-miRNA are sorted into distinct effector proteins (Figure 3 ; Table S3 ), pointing to a bifunctional nature of these pri-miRNAs. For instance, the pri-miR820 produces two miRNA variants, miR820.1 (21 nt) and miR820.2 (24 nt) (Figure 2 and Figure S2 , Table S2 ). miR820.1 and miR820.2 are incorporated into AGO1 and AGO4 clade proteins, respectively (Table S3 ). miR820.1 has been previously shown to direct mRNA cleavage of its target, Os3g02010 (Lu et al., 2008; Luo et al., 2006) . In this study, we demonstrate that miR820.2 can direct DNA methylation around the target site within Os3g02010 locus (Figure 6 ). These data demonstrate that a pri-miRNA can have dual functions, producing two miRNA variants that direct either mRNA cleavage or DNA methylation.
Hierarchical Sorting of Small RNAs into AGO Complexes
We and others have preciously shown that the 5 0 -terminal nucleotide of sRNAs directs their specific sorting into distinct AGO complexes (Mi et al., 2008; Montgomery et al., 2008; Takeda et al., 2008) . Observing the 5 0 nucleotide-directed loading rule, lmiRNAs that initiate with a 5 0 A were loaded into AGO4a, AGO4b, and AGO16 (Figure 3 ; Table S3 ); by contrast, lmiRNAs beginning with a 5 0 U were specifically sorted into AGO4b, which had no binding preference for sRNAs with a particular 5 0 nucleotide, but not into AGO16 and AGO4a, which displayed a strong preference for binding sRNAs initiating with an A (Figure 3 ; Table S3 ). However, the 5 0 nucleotide-directed loading rule cannot explain why cmiRNAs with a 5 0 U were predominantly loaded into AGO1s but not into AGO4b, and conversely why lmiRNAs with a 5 0 U were sorted into AGO4b but not into AGO1 clade proteins (Figure 3 ; Table S3 ). The specificity of sRNA sorting between AGO1 and AGO4 clades is unlikely provided by the length difference between cmiRNAs and lmiRNAs, as both AGO1 and AGO4 clade proteins have comparable binding affinities for 21 and 24 nt sRNAs (Figure 4 ). These observations suggest that the enzymatic machinery underlying the biogenesis of cmiRNAs and lmiRNAs could dominate over the 5 0 -terminal nucleotide to funnel their respective products into AGO1 and AGO4 clade proteins, followed by 5 0 nucleotide-directed sRNA sorting among proteins in the same clade. This notion points to a fundamental difference between sRNA sorting mechanisms employed by plants and animals, where sRNA loading is independent of biogenesis and is instead determined by the structure of sRNA duplexes (Forstemann et al., 2007; Steiner et al., 2007; Tomari et al., 2007) . It will be of great interest to investigate how the biogenesis of sRNAs determines their fate in plants.
LmiRNAs versus Heterochromatic siRNAs
Similar to heterochromatic siRNAs, lmiRNAs are 24 nt in length, DCL3 dependent, loaded into AGO4, and direct cytosine DNA methylation. Nevertheless, important distinctions can be made between these two types of sRNAs, particularly with respect to their origins and the targets upon which they act. Like cmiRNAs, lmiRNAs are processed as a predominant species from hairpin-containing pri-miRNAs, the synthesis of which is presumably catalyzed by Pol II and does not require RDR2 activity (Figure 1 ; Table S2 ); in contrast, heterochromatic siRNAs are usually produced as a heterogeneous population from perfect dsRNAs originating from transposons or other repetitive DNA sequences. The formation of these dsRNAs depends on the activities of Pol IV and RDR2 (Matzke et al., 2009) . Different from heterochromatic siRNA-guided DNA methylation at loci ranging from several hundred to several thousand nucleotides, lmiRNAs-direct DNA methylation is limited to 80 nt around the target sites. This suggests that a single sRNA of only 24 nt can function as a potent trigger for DNA methylation. Heterochromatic siRNAs are considered as cis-acting sRNAs because they specify DNA methylation at the same locus (or very similar loci) from which they originate (Bartel, 2004; Voinnet, 2009) . In this study, we show that an lmiRNA can act in cis to signal DNA methylation at its own locus, similar to heterochromatic siRNAs. However, we also demonstrate that lmiRNAs can direct DNA methylation in trans at target loci that are very different from those that produce them ( Figure 6 and Figure S5 ).
Plants contain a complex network of small RNA pathways. These pathways can be distinguished by their distinct trigger loci and different biogenesis machinery and effector complexes . Our discovery of a miRNA pathway that mediates DNA methylation extends the range of miRNA function and indicates the existence of crosstalk between small RNA pathways. Similar findings have been recently made in the basal plant moss (Khraiwesh et al., 2010) , suggesting that miRNA-directed DNA methylation is an ancient mechanism of gene regulation and likely conserved in the plant lineage.
EXPERIMENTAL PROCEDURES

Construction of RNAi Vector and Plant Transformation
We designed inverted repeats to specifically target DCL3a, RDR2, AGO4a, AGO4b, and both AGO4a and AGO4b, respectively. The fragments were RT-PCR amplified using primers described in Table S4 and were cloned into the pUC-RNAi vector (Liu et al., 2005) to generate inverted repeats. After confirmation by sequencing, the inverted repeats were introduced into pCam23ACT:OCS, resulting in binary RNAi constructs. The constructs were transformed into rice (japonica cv Nipponbare) essentially as described (Hiei et al., 1994) , except that G418 was used for selection.
Generation of Antibodies against Rice AGO4 Clade Proteins
Synthetic peptides AGO4aN (MESNSGEIEELC), AGO4bN (MDAHDGEA-DELC), and AGO16N (AKIGEIVQVHNC) were used to raise rabbit polyclonal antibodies against each AGO4 clade protein, essentially as described (Mi et al., 2008) . The antisera were immunoaffinity purified and used for immunoprecipitation (1:50 dilution).
Purification of Rice AGO Complexes and Associated sRNAs
Rice AGO complexes were immunopurified from 3-week-old seedlings as previously described . The quality of purification was examined by SDS-PAGE followed by silver staining, and the bands of expected sizes were confirmed as AGO4 proteins by mass spectrometry.
RNAs were isolated from total plant extracts and the purified AGO4 complexes by Trizol reagent (Invitrogen), resolved on a 15% denaturing Our data from rice indicate that there are two distinct miRNA pathways that operate at mRNA and chromatin levels, respectively. In (A), canonical miRNAs (cmiRNAs) are generated by DCL1 and specifically loaded into AGO1 clade proteins to form effector complexes to direct the cleavage of their target mRNAs. In (B), long miRNAs (lmiRNAs) are processed by DCL3 and sorted into AGO4 clade proteins. LmiRNAs bound to AGO4 proteins interact with nascent transcripts transcribed from their own loci or target genes, thereby recruiting de novo cytosine methyltransferase DRM2 to methylate the adjacent DNA.
PAGE gel, and visualized by SYBR Gold (Invitrogen) staining. Gel slices in the range of 18-28 nt were excised, and the RNAs were eluted and purified for cloning.
Small RNA Cloning and Sequencing Small RNA cloning for Illumina 1G sequencing was carried out essentially as described (Mi et al., 2008) . A detailed protocol is available upon request.
Small RNA Northern Blot
Northern blot analysis with enriched total sRNAs or RNAs prepared from purified AGO complexes was performed as described .
32 P-endlabeled oligonucleotide probes complementary to sRNAs were used for the northern blots. The sequences of the probes are described in Table S4 .
UV Crosslinking Assay UV crosslinking assays with RNA oligos of different sizes and different 5 0 -terminal nucleotides were performed essentially as described (Mi et al., 2008) .
Quantitative RT-PCR Analysis
Total RNAs were extracted from 3-week-old rice seedlings with Trizol (Invitrogen). After removal of contaminating DNAs by digestion with RNase-free DNaseI (Promega), the RNAs were reverse transcribed by M-MLV (Promega) by using oligo(dT). The cDNAs were then used as templates for quantitative PCR. Quantitative PCR was performed using SYBR Premix EX Taq (TaKaRa) on Mastercycler ep realplex (Eppendorf). The rice GAPDH gene (Os04g40950) was detected in parallel and used as the internal controls. The primers used for PCR are listed in Table S4 .
Bioinformatic Analysis of Small RNA Data Sets
The adaptor sequences in Illumina 1G sequencing reads were removed by using ''vectorstrip'' in the EMBOSS package. The sRNA reads with length of 19-27 nt were mapped to the rice nuclear, chloroplastic, and mitochondrial genomes (http://rice.plantbiology.msu.edu/, version 6.0). The sRNAs with perfect genomic matches were used for further analysis. Rice miRNA annotations were from miRBase (http://microrna.sanger.ac.uk/sequences, Release 14) and our previous publication (Wu et al., 2009) . Statistical analysis of the sRNA data sets was done by using in-house-developed Perl scripts.
Bisulfite Sequencing
Genomic DNAs were isolated from 3-week-old rice seedlings using the DNeasy Plant Mini kit (QIAGEN). The EZ DNA Methylation-Gold kit was used for bisulfite treatment of genomic DNA according to the manufacturer's instructions (ZYMO Research). Treated DNAs were then used for PCR amplification of different loci using JumpStart ReadyMix REDtaq DNA polymerase (Sigma). PCR conditions were as follows: 94 C, 3 min; 35 cycles of (94 C, 45 s; 50 C, 45 s; 72 C, 1 min); 72 C, 10 min. PCR products were cloned into pGEM-T easy vector (Promega), and individual clones were sequenced. Sequencing data were analyzed by using Kismeth software (Gruntman et al., 2008) . Primers used for bisulfite sequencing are described in Table S4 , and the sequences of sequenced regions are provided in Figure S6 .
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